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Abstract. High-horizontal-resolution temperature data from the Microwave Limb
Sounder (MLS) are analyzed to obtain information about high intrinsic frequency
gravity waves in the stratosphere. Global climatologies of temperature variance at
solstice are computed using six years of data. A linear gravity wave model is used
to interpret the satellite measurements and to infer information about tropospheric
wave sources. Globally uniform sources having several different spectral shapes
are examined and the computed variances are filtered in three-dimensional space
in a manner that simulates the MLS weighting functions. The model is able to
reproduce the observed zonal mean structure, thus indicating that the observations
reflect changes in background wind speeds and provide little information about
the latitudinal variation of wave sources. Longitudinal variations in the summer
hemisphere do reflect source variations since the modeled variances exhibit much
less variation in this direction as a consequence of the zonal symmetry of the
background winds. A close correspondence between the MLS variances and satellite
observations of outgoing-longwave radiation suggests that deep convection is the
probable source for these waves. The large variances observed over the tip of South
America in winter are most certainly linked to orographic forcing but inferences
about wave sources in Northern Hemisphere winter are difficult to make as a result
of the high degree of longitudinal and temporal variability in the stratospheric
winds. Comparisons of model results using different source spectra suggest that
the tropospheric sources in the subtropics in summer have a broader phase speed
spectrum than do sources at middle latitudes in winter.

1. Introduction

Over the past few decades it has become increasing-
ly clear that gravity waves play a crucial role in con-
trolling the large-scale circulation of the Earth’s middle
atmosphere. Gravity waves are generated by a vari-
ety of different mechanisms and cover a wide range of
temporal and spatial scales. Because of their ability
to propagate upward from the troposphere where they
are forced, gravity waves can attain large amplitudes in
the middle atmosphere as a result of the rapid falloff in
background density. At these heights the waves break,
deposit their energy and momentum, and thus alter
the background flow on which they propagate. Short-
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horizontal-scale gravity waves are of particular concern
to modelers who are trying to simulate the general cir-
culation of the stratosphere and mesosphere, since they
cannot be resolved by present-day global models. If
their effects are not parameterized, however, the simu-
lated winds become excessively strong and unrealistic.

Gravity wave parameterization is a complicated prob-
lem which requires not only an understanding of the
physical mechanisms that cause the waves to break but
also the knowledge of wave sources in the troposphere.
Although there has been considerable effort devoted to
parameterizing the process of momentum deposition,
there has been relatively little work done on parame-
terizing global wave sources. In the case of orographi-
cally generated gravity waves this is relatively straight-
forward since topographic elevations are well known
[e.g., McFarlane, 1987; Bacmeister, 1993]. Howev-
er, for convectively generated or shear-generated grav-
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ity waves the observations are insufficient to help con-
strain the parameterizations. As a consequence, mod-
elers often prescribe horizontally uniform sources for
the parameterized nonorographic gravity waves [McL-
andress, 1998]. Clearly, there is a great need for more
observations of gravity wave activity near the source
regions.

Information about gravity wave sources can be in-
ferred from horizontal wind and temperature variances
in the troposphere and lower stratosphere, although
variations in the background winds, static stability, and
density scale height can make interpretation of these ob-
servations complex [Eckermann, 1995; Alexander, 1998
(hereinafter referred to as A98)]. Long-term averages
have been derived from radiosonde and rocket measure-
ments [e.g., Hirota, 1984; Tsuda et al., 1991; Hamilton,
1991; Eckermann et al., 1994; Allen and Vincent, 1995;
Nastrom et al., 1997]. Unfortunately, these climatolo-
gies exist for only a limited number of geographic loca-
tions which are not evenly distributed around the globe.
Satellite measurements therefore offer a means of sup-
plementing these ground-based climatologies by provid-
ing global coverage. Global maps of temperature vari-
ance were first derived from Limb Infrared Monitor of
the Stratosphere data [Fetzer and Gille, 1994]. Because
of the nature of these observations, the results pertain
to only the low frequency and long horizontal wavenum-
ber portion of the gravity wave spectrum. Information
about gravity waves of long vertical and short horizon-
tal scale has recently been obtained using temperature

data from the Microwave Limb Sounder (MLS) onboard .

the Upper Atmosphere Research Satellite (UARS) [Wu
and Waters, 1996a,b, 1997] (henceforth WW96a,b and
WW97). Although the MLS climatologies were gener-
ated using only several months of data, distinct geo-
graphical and seasonal patterns are clearly visible. For
instance, large variances are observed over the continen-
tal landmasses in the summer hemisphere in the sub-
tropics and at midlatitudes. Further evidence that the
observed spatial patterns of temperature variance are
due to gravity waves was given in WW97 who showed
that the dependence of the MLS observations on the
viewing geometry can only be reconciled with the no-
tion that they are produced by vertically propagating
gravity waves.

Although it is tempting to ascribe horizontal varia-
tions in the observed variances to horizontal variations
in the gravity wave sources, one must first consider the
effects of the background atmosphere, since the obser-
vations are generally made several scale heights above
the source regions. In addition, knowledge of the scale
selectivity of the instrument is required since each ob-
servational technique measures only a limited portion of
the entire gravity wave spectrum. These points are dis-
cussed in detail by A98, whose results demonstrate that
the spatial and seasonal patterns of the observations can
be explained in large part by the combination of wave-
refraction and observational-filter effects. Since MLS
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is sensitive to long vertical wavelength disturbances, it
is only in regions where winds are strong that gravi-
ty waves having slow or moderate ground-based phase
speeds can be seen. This implies that horizontal varia-
tions in the background wind field alone can cause hor-
izontal variations in the MLS temperature variances.
Thus to extract useful information about gravity wave
source variations, the impact of the background winds,
as well as the instrument viewing geometry, must be
carefully analyzed.

In this paper we focus exclusively on the MLS data
and expand upon the results presented in WW96a,b and
A98. The overall objectives are twofold: (1) to generate
a climatology of the small-horizontal-scale temperature
variance in solstice seasons from all of the available MLS
data in the stratosphere throughout the 1992-1997 peri-
od and (2) to determine the degree to which these obser-
vations reflect variations in gravity wave sources in the
troposphere. The paper is organized as follows: In sec-
tion 2 we present the observations. Here we describe the
MLS data and explain how the variances are comput-
ed. The effects of the viewing geometry are discussed,
and horizontal maps of the variance climatologies at
the lowest observable altitude are presented. Section 3
focuses on the interpretation of the observations using
the linear gravity wave model of A98. A description
of the model and its input source spectra, as well as
the observational filter that is used, are presented. The
conclusions and a summary of the results are presented
in section 4.

2. MLS Observations

2.1. Radiance Measurements

The data used in this study are optically thick (or
saturated) radiances from the rotational line emission
from molecular oxygen at 63 GHz [Fishbein et al., 1996].
The radiometer consists of 15 different channels and is
designed so that the emission line is centered on channel
8, with the other channels being located symmetrical-
ly about the line center. For tangent heights (z;) less
than 18 km the radiances for all channels are saturat-
ed, and so are indicative of atmospheric temperature in
the region where the emission originates. (Microwave
blackbody radiation is very nearly linearly proportional
to temperature and is expressed in terms of “brightness
temperature.”) The altitude z. where this occurs de-
pends on the channel number, with the center channel
saturating at ~ 80 km and the wing channels 1 and
15 at ~ 28 km. (Figure 11, which will be discussed in
detail later, provides a schematic representation of the
viewing geometry.) Since measurements are made every
2 s, the horizontal distance between adjacent points is
approximately 15 km (i.e., the distance traveled by the
spacecraft in this time interval). Thus the saturated
radiances provide a high-horizontal resolution data set
which spans the stratosphere and mesosphere at eight
different altitudes. It is important to note, however,
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that the measured temperature does not correspond to
an exact point in space but represents an average val-
ue which has been integrated over a three-dimensional
volume of atmosphere. The shape and size of this aver-
aging footprint depend on the tilt of the intrument line
of sight (LOS), the width of the instrument field of view
(i.e., the antenna width), and the emission characteris-
tics of the spectral channel. We will discuss this in
greater detail in section 3.2.

Saturated radiances from both the limb-scanning and
the limb-tracking observations are employed. In limb-
scanning mode the atmospheric limb is scanned from 90
km to the surface. Here only the radiances at the bot-
tom portion of each scan are saturated and thus usable
for our gravity wave analysis. In limb-tracking mode
the limb is viewed at a fixed height, which for z; < 18
km yields a continuous set of usable measurements.

Temperature variances are computed as follows: For
the limb-scanning data the method of WW96a is used.
This entails removing a linear trend from the bottom six
measurements of each 32-measurement scan and com-
puting the variance from the resulting perturbations.
This method, which retains horizontal scales < 90 km,
will be referred to as the “six-point” method. In the
limb-tracking case, the data are Fourier-filtered along
the orbit track to retain only horizontal scales < 480
km (i.e., the approximate horizontal distance covered
by the 32 measurements), and the variance is comput-
ed from the 32 filtered radiances. This will be referred
to as the “480-km” method. Since the tangent height
does not remain exactly fixed in limb-tracking mode,
the radiances for the two pairs of wing channels (i.e.,
z. =28 and 33 km) may not be completely saturated.
Consequently, only results for 38 km will be presented.

A typical day of scan or track radiance data yields ap-
proximately 1400 variance measurements per channel.
Since the channels are symmetrically located about the
line center, variances from opposite pairs of channels
are combined. The variance is composed of two com-
ponents: atmospheric temperature fluctuations and in-
strument noise (WW96a). Since the component due to
noise is a constant for each channel, any temporal and
spatial variations therefore reflect geophysical effects.

2.2. Variance Climatologies

Separate climatologies are computed for four differ-
ent viewing configurations, namely, north-looking asc-
ending orbits, north-looking descending orbits, south-
looking ascending orbits, and south-looking descending
orbits. (Ascending and descending refer to orbit seg-
ments where latitude increases and decreases, respec-
tively, with increasing universal time; north and south
looking refer to the spacecraft orientation, which ro-
tates every 36 days and provides latitudinal coverage
that ranges from 35°S to 80°N and from 80°S to 35°N.)
A 5° latitude by 10° longitude grid is used to bin the
daily variances, and multiyear averages are computed

11,949

<~ 0.06
5’ 3
o 0.04
(%)
o
8 0.02}
©
> 0.00
20S 0 20N 40N 60N
Latitude
Figure 1. Zonal-average Microwave Limb Sounder

(MLS) temperature variances at 38 km for the six-point
limb-scanning data (solid), six-point limb-tracking da-
ta (dashed), and 480-km limb-tracking data (dots).
The variances are averaged over a 22-day period in D-
JF (1996-1997) when track and scan observations were
made on alternate days. Results are shown for north-
looking descending orbits.

for specified sets of months. The results are smoothed
in both the latitudinal and the longitudinal directions
using a 1:2:1 three-point filter.

The scan and track data sets are treated separately
since systematic differences exist between the two. This
is demonstrated in Figure 1, which shows the zonal- and
time-average track (dashed) and scan (solid) variances
computed using the six-point method for the north-
looking descending orbits for a time period when the
two observing modes were used on alternate days. The
differences between these two curves do not arise from
geophysical differences in the data sets since the choice
of the averaging period has minimized that and so can
only be attributed to the sampling differences associ-
ated with the two observing techniques. The six-point
method should contain information on waves with hor-
izontal wavelengths between ~ 15 and 90 km. Compar-
ing the two curves indicates that the 15-90 km variance
in the six-point track data is small and barely distin-
guishable from the noise level, while the scan data have
significant signal at high northern latitudes and near
20°S. (The flat structure at low latitudes in the winter
hemisphere is indicative of the contribution from instru-
ment noise, which for channels 3 and 13 is estimated at
~ 0.01°K? (Table 1 of WW96b). Note that the noise has
not been removed from any of the figures.) When the
track variances are instead computed using the 480-km
method (dotted), the variance now includes horizontal
wavelengths ~ 15-480 km, and the result is very similar
to the scan data. This indicates that most of the vari-
ance in the MLS data is due to waves with horizontal
wavelengths > 90 km. The scan data must therefore be
detecting vertical variations in the temperature associ-
ated with longer horizontal wavelength waves (~ 90-480
km). Despite using only six points, the large variances
appear due to aliasing of the vertical variations in the
scan data associated with the varying elevation angle of
the LOS. These systematic differences can also be seen
in the scan and track variances shown in WW96a and
b. Henceforth, any reference to limb-tracking variances
implies those calculated using the 480-km method.



11,950

Table 1. Number of Days of Data Used in Limb-
Tracking and Limb-Scanning Variance Climatologies for
Different Viewing Periods

Season View Track Scan

DJF north looking 57 days 277 days
DJF south looking 12 days 125 days
JJA north looking 12 days 97 days
JJA south looking 18 days 255 days

Variance climatologies at 38 km are generated for the
north- and the south-looking periods of December, Jan-
uary, and February (DJF) and June, July, and August
(JJA). The total number of days of limb-scanning and
limb-tracking observations used in constructing these
climatologies is listed in Table 1. The bulk of the data
is seen to be limb scanning, which was the mode used
from launch in September 1991 to July 1997 when the
63-GHz radiometer was turned off. The limb-tracking
mode was not employed until December 1994; it was
used exclusively until April 1995 after which it alter-
nated with limb-scanning observations.

The dependence of the latitudinal structure of the
variances on the instrument viewing geometry is demon-
strated in Figure 2, which shows the zonal-average vari-
ances for the north-looking days of DJF and the south-
looking days of JJA. Large differences between the
ascending- and the descending-orbit (henceforth AD)
variances are clearly seen. The limb-tracking variances
in the Northern Hemisphere winter are nearly a fac-
tor of 2 larger on the descending orbits (dashed) than
on the ascending orbits (solid). South of the equa-
tor in DJF (Southern Hemisphere summer in the sub-
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Figure 2. Zonal-average MLS temperature vari-
ances at 38 km for ascending orbits (solid) and descend-
ing orbits (dashed) for (a) limb-tracking and (b) limb-
scanning data. The black and gray curves denote ob-
servations for the north-looking days of DJF and the
south-looking days of JJA, respectively.
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tropics), the ascending-orbit results are larger but only
by about 30%. This picture is reversed in JJA when
MLS is south-looking. These results indicate that the
largest variances occur when the instrument LOS has
an eastward component in wintertime and westward in
summertime. A98 discussed the relationship between
the variance in these observations and the background
wind. Since MLS is sensitive to only long vertical wave-
length disturbances, regions where the winds are strong
are where gravity waves of low to moderate ground-
based phase speeds ¢ are most observable. This follows
from the approximate gravity wave dispersion relation
m? ~ N?/(c — U)?, which indicates that the vertical
wavenumber m is inversely proportional to the intrinsic
phase speed (¢ — U), where U is the background wind
and N is the buoyancy frequency. Such waves will have
phase fronts that tilt westward with height in winter
and eastward in summer. For example, during north-
looking periods in winter the descending orbits contain
more variance since the LOS is oriented northeastward
(and downward) throughout the middle portions of the
orbit and thus is more parallel to the wave phase fronts
than on ascending orbits. Table 2 provides a summary
of the viewing geometry which will aid in the interpre-
tation of the results. The scan variances (Figure 2b)
are similar in structure but exhibit smaller AD differ-
ences at high latitudes in winter and larger differences
at low latitudes in summer. As will be discussed lat-
er, a large part of the latitudinal and seasonal patterns
seen in both the track and scan data is more a reflection
of the background winds and the observing character-
istics of MLS than of actual variations in gravity wave
sources.

The geographical distribution of the temperature vari-
ances is shown in Figures 3-5. (Each of the four panels
in these figures constitutes an independent climatolo-
gy corresponding to the time periods listed in Table 1.
For conciseness, only results for the viewing configu-
ration that yields the largest variances are presented.)
The summer hemisphere scan and track variances (Fig-
ures 3 and 4) exhibit very similar spatial structure. The
maxima in both data sets are located squarely over the
subtropical continents: In JJA they occur over Africa
and Southeast Asia at 10°-15°N and over North Amer-
ica at 30°N, while in DJF, they lie over south central
Africa, northern Australia, and central South America
at 20°S. In addition, the region of large variance over
North America is seen to extend further northward than
over Africa and Asia. A 5°-10° shift in the latitude of

Table 2. Approximate Horizontal Direction of MLS
Line of Sight for Different Viewing Configurations

Ascending Descending
North looking NW NE
South looking SE SW
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Figure 3.
tracking data for (a) north-looking ascending orbits and (b) south-looking descending orbits; (c),
(d) same but for limb-scanning data. A contour interval of 0.003°K? is used.

the maxima between the north- and the south-looking
periods is also evident; although the reason for this
southward shift may be geophysical, it is more likely
that geometric differences resulting from the changes in
the orientation of the instrument LOS are responsible.
The winter hemisphere data are shown in Figure 5. In
the Southern Hemisphere, large variances are found over
the tip of South America and the Antarctic Peninsula
for both the track and the scan climatologies. In the
Northern Hemisphere the correspondence between the
two data sets is not so strong: although the largest val-
ues are still found over the continents at high latitudes,
the locations of the individual maxima differ. The fact
that the scan variances tend to exhibit smoother hori-
zontal variations than the track data is'a consequence of
the length of the two data sets. For instance, the sharp
peak in the track variances over central North Ameri-
ca near 40°N seen in Figure 3a is associated with large
values occurring along a single orbit track.

As discussed in A98, background winds play an im-
portant role in determining the spatial variation of the
MLS temperature variances. Figure 6 shows the time-
average large-scale horizontal winds at 38 km from the
U.K. Meteorological Office (UKMO) assimilated data

MLS temperature variances at 38 km for Northern Hemisphere summer: limb-

set which provides gridded winds and temperatures for
each day of the UARS mission [Swinbank and O’Neill,
1994]. The wind climatologies shown here have been
computed from the same set of days used in generating
the limb-tracking variances for the north-looking days
of DJF and the south-looking days of JJA. In South-
ern Hemisphere summer the latitudinal distribution of
the variances (Figure 4a) closely matches that of the
background easterlies, with the largest variances occur-
ring at the latitudes where the winds are strongest. Al-
though the same occurs in Northern Hemisphere sum-
mer over Asia and Africa (Figure 3b), the relatively
large variances over North America are not associated
with strong winds. This suggests the presence of grav-
ity waves with high ground-based phase speeds since
those will be the waves having long vertical wavelengths.
The correspondence between the winds and variances is
most evident in the Northern Hemisphere winter where
the winds are strongest and exhibit the greatest longitu-
dinal variation. Note, for instance, the weak variances
over North America (Figure 5b) where the winds are
weak and the large values over eastern Russia where
the winds are strong.

Temporal variations in gravity wave activity can pro-
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Figure 4. MLS temperature variances at 38 km for Southern Hemisphere summer: limb-

tracking data for (a) north-looking ascending orbits and (b) south-looking descending orbits; (c),
(d) same but for limb-scanning data. A contour interval of 0.003°K? is used.

vide information about source intermittency. Figure 7
shows the standard deviations of the variances about
the time means shown in Figures 3-5. Since there are
fewer limb-tracking days, only scan variance deviations
have been presented. In summertime the geographi-
cal distribution of the deviations is nearly the same as
the means. Subtle differences in the positions of the
maxima are seen over central South America where the
maximum deviations occur about 5° farther south than
the maximum means. Although the winter hemisphere
standard deviations are similar in overall structure to
the corresponding mean values, there exists greater geo-
graphic variability; this is particularly true over North
America. Note also that in regions where the mean vari-
ances are large the standard deviations are as large or
larger, which indicates that the small-scale temperature
field exhibits a high degree of temporal variability. For
example, over the Antarctic Peninsula, standard devia-
tions of approximately 0.25°K? occur, in contrast to a
mean value of 0.09°K2. Over the continents in summer-
time, the deviations are smaller and about the same size
as the means. Whether these results are indicative of
temporal variations of the gravity wave sources in the

troposphere will depend to a large extent on the tem-
poral variations of the background winds in the strato-
sphere. The significance of these results will be dis-
cussed in section 3 when we present the model results.

The high degree of correlation between the MLS ob-
servations shown in Figures 3-5 and 7 and the continen-
tal landmasses suggests the presence of geographically
fixed gravity wave sources in the troposphere. Two ob-
vious candidates are deep convection in summer and
forced flow over mountains in winter. Figure 8 shows
longitudinal variations of the MLS track and scan tem-
perature variances and time-average outgoing longwave
radiation (OLR) at 15°N for JJA and 15°S for DJF.
(The OLR data are taken from the National Center for
Atmospheric Research archive of twice-daily AVHRR
soundings [Liebmann and Smith, 1996].) The MLS ob-
servations show a striking correspondence to the occur-
rence of deep convective clouds (indicated by low values
of OLR), which has also been noted in previous observa-
tions of gravity wave activity [Rottger, 1980; Larsen et
al., 1982; Sato et al., 1995; Alezander and Pfister, 1995].
Figure 9 shows the MLS data in winter at 55°S and
55°N and the corresponding sub-grid-scale orographic
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(a) JJA 95-96 (track) asc/south 38km
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Figure 5.
looking ascending orbits (JJA) and (b) north-looking ascending orbits (DJF); (c), (d) same but
for limb-scanning data. Contour intervals of 0.03, 0.01, 0.01 and 0.005°K? are used in Figures
5a, bb, 5¢, and 5d, respectively.

height field used in the gravity wave drag parameteri-
zation of McFarlane [1987] in the version of the Canadi-
an Middle Atmosphere Model described by McLandress
[1998]. The peak in the MLS variances in the Southern
Hemisphere winter at ~ 60°W corresponds quite well
to the rough terrain over the southern tip of the Andes.
The eastward displacement of the variance maximum
may be a manifestation of mountain waves on the lee
side of the Andes [e.g., Eckermann and Preusse, 1999],
as well as the 10° bin size of the data set. In the North-
ern Hemisphere the correspondence between rough ter-
rain and MLS variances is not so clear, which suggests
that gravity waves from other sources may be present.
To help quantify the relationship between the MLS tem-
perature variances in the stratosphere and gravity wave
sources in the troposphere, we now resort to numerical
simulations.

3. Linear Gravity Wave Model

The linear gravity wave model described in A98 is
used to aid in the interpretation of the MLS temper-

180 20w 0

MLS temperature variances at 38 km for winter: limb-tracking data for (a) south-

ature variances. The model simulates a spectrum of
vertically propagating gravity waves: it includes the
effects of rotation, nonhydrostaticity and linear wave
saturation; it requires an input momentum flux source
spectrum, an efficiency factor that accounts for the spa-
tial and temporal intermittency of the gravity wave
sources, and a background wind and temperature field
on which the waves propagate. The computed tem-
perature variances are then filtered in a manner that
simulates the MLS observations. Unlike more sophisti-
cated models [e.g., Marks and Eckermann, 1995], ours
does not account for the horizontal displacement of ray
paths. This is not a serious omission, however, since
the gravity waves observable by MLS have high intrin-
sic frequencies and therefore propagate nearly straight
up.

The degree to which the observations reflect hori-
zontal variations of gravity wave sources in the tropo-
sphere depends to a large extent on the effects of fil-
tering and wave refraction by the background winds as
the waves propagate upward into the stratosphere. To
determine the impact of the background winds and tem-
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(a) UKMO winds JJA 95-96 (38 km)

MCLANDRESS ET AL.: SATELLITE OBSERVATIONS OF GRAVITY WAVES

(b) UKMO winds DJF 95-97 (38 km)
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U.K. Meteorological Office (UKMO) horizontal winds at 38 km time averaged for

the days corresponding to the MLS limb-tracking observations (south-looking days for JJA and
north-looking days for DJF). Wind speed (m/s) is denoted by the contours and direction by the
unit vectors. Note that the shading interval differs in each panel.

peratures, we will follow the procedure of A98 and pre-
scribe a globally uniform momentum flux source spec-
trum. Horizontal variations not simulated by the model
will therefore suggest that the observations do indeed
reflect the geographic pattern of the underlying sources.
Since there is a high degree of uncertainty in both the
shape and the azimuthal dependence of the source spec-
trum, experiments using several different types of spec-
tra will be performed.

3.1. Model Configuration

The configuration of the model is somewhat differ-
ent from that used in A98 where only zonally propa-
gating waves were considered. Here we retain the two-
dimensional dispersion relation used in A98,

w2 _ N2k2 +f2(m2 +042)
- k2 + m2 + a?

, 1)

where w is the intrinsic frequency, k is the horizontal
wavenumber, f is the Coriolis parameter, a =1/(2H),
and H is the density scale height. Unlike A98, we allow
for arbitrary horizontal directions of propagation. The

background wind in each azimuth is therefore given by

(2)

where a; is the angle of the jth azimuth measured from
east, and U and V are the eastward (zonal) and north-
ward (meridional) wind components, respectively.

Two basic types of momentum flux source spectra
Fpo(c, k) are examined: The first type consists of a hor-
izontally isotropic broad spectrum of waves having zero
flux at ¢ = 0. This will be referred to as the “broad
spectrum”, which includes sources such as convection
and shear instability which may produce waves with a
wide range of frequencies, wavelengths, and propagation
directions. The second type consists of a horizontally
anisotropic spectrum that is very narrow in phase speed
and has the largest flux at ¢=0. This will be referred
to as the “narrow spectrum” and is meant to represent
waves from sources such as flow over orography.

In the simulations employing the broad spectrum, 12
equally spaced horizontal azimuths are used. To en-
sure that the source is truly horizontally uniform, a ze-
ro background wind and a constant buoyancy frequen-

Uj =Ucosa; + Vsina; ,



MCLANDRESS ET AL.: SATELLITE OBSERVATIONS OF GRAVITY WAVES

(a) JUA 92-96 (stdev) desc/south 38km

11,955

(b) DJF 92-97 (stdev) asc/north 38km

] 10N

1@7\

10S

30S

508

0 90E 180
(d) DJF 92-97 (stdev) desclnorth 38km

208

408

60S

80S

8ON[T:

0 90E

Figure 7.
seasonal means shown in Figures 3d, 4c, 5c, and
0.015°K? are used in Figures 7a, 7b, 7c, and 7d,

cy are prescribed at the 6-km source level. These are
blended in smoothly with the spatially varying atmo-
sphere above in the manner used by A98. Since there
are virtually no observations of the phase speed distri-
bution of nonorographic gravity waves, three different
spectral shapes are tested: The first is one in which
each wave is assigned the same momentum flux and
will be referred to as the “flat spectrum.” A total of 56
waves, having horizontal wavelengths of 6.25, 12.5, 25,
50, 100, 200, 400, and 800 km and periods of 15, 20,
24, 30, 60, 120, and 240 min, are specified in each az-
imuth. The flat spectrum is further restricted to waves
whose phase speeds are less than 170 m/s. This re-
duces the total number of waves in each azimuth to 46
which yields a grand total of 552 waves for all 12 az-
imuths. Fpp and the efficiency factor € are determined
from observational constraints on the momentum flux
divergence in the manner described by Alezander and
Rosenlof [1996]. Here we use Fpg=0.1957 m? s~2 and
€ = 9x 1075, which yields a total integrated “long-term”
momentum flux Fyqt (i.e., Fiot = €XFpg) at the source
height of 2.7 x 103 m? s~2 in each azimuth. Note that
momentum flux is defined here as the covariance of the
horizontal and vertical wind components and does not

90w

Standard deviations of the MLS limb-scanning temperature variances about the

5d. Contour intervals of 0.003, 0.003, 0.03, and
respectively.

contain the density factor. Apart from the use of 12
azimuths (and the associated change in €) this config-
uration is identical to the one used in A98. The two
other broad spectra are given by the functional form
used by Alezander and Dunkerton [1999]; that is,

2
Fpo(c, k) = sgn(c;) By, exp [— (_c_) an} ,  (3)

Cw

where c; is the intrinsic phase speed at the source level,
B, = 0.2 m? s72, and ¢, is the spectral width. For
simplicity, Flpo has been assumed to be independent of
k. Each azimuth contains 48 waves having horizontal
wavelengths of 25, 50, 100, 200, 400, and 800 km and
phase speeds varying from 0.5Ac to 3¢, (Ac = 0.4cy,
m/s). Spectral widths of ¢, =20 and 50 m/s are pre-
scribed. Settings of 3x 1074 and 2.7 x 10~ are used for
e for the ¢, =20 and 50 m/s cases, respectively. These
values yield a total momentum flux in each azimuth
which is nearly identical to that of the flat spectrum.
The momentum flux distribution for the narrow spec-
trum is given by equation (3) using B,, =1 m? s72 and
cw=1m s~1. The source level is set at 3 km. Unlike
the simulations using the brcad spectra, the background
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Figure 8. (a) MLS limb-tracking and limb-scanning temperature variances at 38 km for JJA

at 15°N for south-looking descending orbits. (b) Same but for DJF at 15°S for north-looking

ascending orbits. (c) Outgoing longwave radiation for JJA (1992-1996) at 15°N from Liebmann

%73% Smith [81996], smoothed twice in longitude using a 1:2:1 three-point filter. (d) Sarme but for
at 15°S.

winds and buoyancy frequency are not altered at the in orographic gravity wave drag parameterizations that
source level and wave propagation is confined to only a assume horizontally isotropic sub-grid-scale topography
single horizontal azimuth, namely the azimuth opposite [e.g., McFarlane, 1987]. A total of 52 waves are used,
to the source level wind vector. Note that this config- having horizontal wavelengths of 50, 100, 200, and 400
uration corresponds to the propagation direction used km and ground-based phase speeds ranging from -3 to

38 km)
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Figure 9. (a) MLS limb-tracking and limb-scanning temperature variances at 38 km for JJA
at 55°S for south-looking ascending orbits. (b) Same but for DJF at 55°N for north-looking
descending orbits. (c) Twice the standard deviation of the sub-grid-scale orography used for the
gravity wave drag parameterization of McFarlane [1987] for a model resolution of ~ 5°. (d) Same
but for 55°N.
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+3 m/s (Ac=0.5 m/s) and € is set to 5 x 10™. These
settings yield a zonal force of ~-100 m s~! d~! in the
winter mesosphere and ~-2 m s~ d~! above the winter
tropospheric jet when the COSPAR International Ref-
erence Atmosphere (CIRA) [Fleming et al., 1990] zonal
mean winds and temperatures are used.

Since model calculations are performed in terms of
the vertical velocity amplitude squared (E,,), the mom-
entum flux at the source height must be recast in those
terms. This is done using the linear dispersion relation
equation (1) and the polarization relations [ Gossard and
Hooke, 1975, pp. 97-100] which yields

w2 — 2112
Eyo =2 [LL] |Fpol , (4)

2 2
Ny —wg

where the subscript “0” denotes the source level. In the
case of the narrow spectrum, F,, is constrained to not
exceed the convective instability limit Eyp = wd/m3
as done in orographic gravity wave drag parameteri-
zations [e.g., McFarlane, 1987]. For the broad spectra,
waves whose amplitudes exceed E,p9 are simply exclud-
ed from the calculations to be consistent with A98. As
a result of the modifications to the low-level winds and
buoyancy frequency, E,o for the broad spectra is near-
ly horizontally uniform with a very weak latitudinal de-
pendence due to f. E,o for the narrow source spectrum,
however, has a strong spatial dependence which is giv-
en by Eyo~2kUsN, 'p 'po, where Uy is the background
wind in the direction opposite to the direction of wave
propagation.

The background atmospheres employed in all sub-
sequent model results are specified using the UKMO
winds and temperatures. The data used here are given
on a 4° by 5° latitude-longitude grid and have 22 pres-
sure levels ranging from 1000 to 0.3 hPa, which are in-
terpolated to a log-pressure vertical grid having a 1-km
resolution. The UKMO climatologies are constructed
using the days corresponding to the MLS limb-tracking
observations given in Table 1. The time-average UK-
MO data for the north-looking days of DJF and the
south-looking days of JJA will henceforth be referred to
as the DJF-N and JJA-S background atmospheres, re-
spectively. The corresponding zonal mean zonal winds
are shown in Figure 10.

Vertical profiles of the temperature perturbation T
are computed for each wave in the spectrum and for
each azimuth. The model temperatures are filtered in
wavenumber space using an observational filter F ap-
propriate for MLS and then summed to yield the sim-
ulated observed temperature variance V. Since MLS is
only sensitive to long vertical wavelength gravity waves,
which propagate rapidly through the stratosphere, the
time-average variances will be strongly affected by the
intermittency of the gravity wave sources, as is dis-
cussed in A98. Consequently,

Vxe Z Filk,m) sz(k,m) ,

J.k,m

(4)
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Figure 10.  Zonal-average zonal winds in m/s for
the UKMO background atmospheres JJA-S and DJF-
N shown in Figure 6.

where the proportionality sign has been used to indicate
that the intermittency scale factor () is somewhat ar-
bitrary. Note that for comparison purposes the filtered
model variances that will be shown are also multiplied
by a constant of order 1.

3.2. Observational Filter

The observational filter that was used in A98 to inter-
pret the MLS limb-scanning temperature variances of
WWO96a consists of a Gaussian-shaped low-pass verti-
cal wavenumber filter and a horizontal wavenumber fil-
ter that selects only short spatial scales. This two-
dimensional filter does not take into account the orient-
ation of the instrument LOS, which is responsible for
the viewing direction dependencies seen in Figure 2.
Here we describe in detail a three-dimensional wavenum-
ber filter that does.

The coordinate system used to define the filter is de-
picted in Figure 11: The origin is located along the
“data track,” which is the path traced out by the sat-
urated radiance measurements. The “across-track” di-
rection (y) is perpendicular to the data track and is
aligned with the LOS; the “along-track” direction (z)
is parallel to the data track and is positive in the direc-
tion of satellite motion. The “track angle” (ar) is the
angle measured counterclockwise from east to the = ax-
is. The vertical coordinate is denoted by z. We restrict
ourselves to the limb-tracking configuration, since the
vertical tilt of the LOS is fixed.

An idealized two-dimensional weighting function W,
is constructed from the height-dependent weighting func-
tion W, in a manner similar to that used by WW97. As
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Figure 11. (a) Horizontal and (b) vertical geometry used to define the MLS filter. The thick
arrows indicate the along-track (z), across-track (y), and vertical (z) coordinate system, which
is centered at the point where the instrument LOS (long dashed) intersects the height where the
channel saturates (z.). The saturated radiance measured by MLS is emitted from the volume
of atmosphere centered at the origin of this coordinates sytem. The data track angle (ar) is
positive counterclockwise from the east. The heights of the tangent point and satellite are given
by z; and z, respectively. The solid lines on either side of the LOS indicate the instrument beam
width. The horizontal configuration shown here corresponds to a north-looking descending orbit

viewing geometry.

in A98, we approximate the W, values shown in Figure
2 of WW96a using

2
W, =exp l:— (i> ] ,
We
where z = z* — z,, z* is the height above the Earth’s

surface, z. =38 km, and w.=6.8 km. W, is expressed
analytically as

Wy. = W.(z) exp [— (z —vb )2] :

wp

(6)

(")

where 8 = —cos™!((re + 2¢)/(re + 2.)] is the angle be-
tween the LOS and the y axis, r. is the Earth ra-
dius, z; = 18 km is the tangent height, and wy ~ 5
km represents the width of the instrument antenna
at z.. (The vertical half-power beam width is 0.206°
[Jarnot et al., 1996, Table 3]. Changes in the beam
width along the LOS have been ignored and are instead
replaced by a constant value at the origin.) The result-
ing two-dimensional weighting function for channels 3
and 13 is depicted on the left-hand-side of Figure 12a.
Note that W,, has been constructed so that its hori-

zontal average is proportional to W, as can be seen by ,

integrating equation (7) from y = oco. Constructing
Wy, in this manner enables a direct. comparison to the
results of A98, since the vertical wavenumber response
for a disturbance having an infinitely long across-track
horizontal wavelength is identical to that obtained us-
ing only the height-dependent weighting function W.,.
By a transformation of coordinates, equation (7) can be
rewritten as

Wy, = exp l— (wy—y,’>2] exp [- (Ezz’_') 2] , (8)

» where y' = ycos¢ + zsin ¢, 2/ = —ysind + zcos ¢,

Wyr = . )
\/sin2¢> + v (sin ¢ — B cos ¢)?
We
wzl = )
\/cos2¢ + v (cos ¢ + Bsin ¢)?
_ 2
tan2¢ = m__l )

and v = (wc/wp)?. This coordinate system rotation
aligns the y' axis along the major axis of W,,. The
across-track temperature response function is now sim-
ply the normalized Fourier transform of equation (8),
which is given by

Ry, = exp [—— (Twy kyz)2] exp [— (rw, kz:)2] , (9)

where ky = kycos¢ + k,sin¢ and k, = —kysing +
k.cos¢. Note that the wavenumber is expressed in
units of cycles per kilometer; thus inverse wavenum-
ber equals wavelength. Figure 12b shows the temper-
ature response given by equation (9) as a function of
the across-track and vertical wavenumbers k, and k..
Since k, is positive by definition here, waves with ky <0
have phase lines that are more perpendicular to the
LOS and so are strongly attenuated. In addition, the
response for waves with k, < 0 exhibits a monotonic
decrease with increasing k., indicating that the longest
vertical wavelengths are most visible. At k, = 0, the
vertical wavenumber response is identical to that used
in A98. Waves with positive k,, however, have phase
lines that are more aligned with the LOS and so un-
dergo less attenuation. Moreover, the response is no
longer monotonically decreasing: For example, a wave
with a 250-km across-track wavelength has the largest
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(a) Idealized two-dimensional temperature weighting function for channels 3 and

13 constructed from the weighting function shown at right. The thin solid line denotes the
instrument LOS. (b) Normalized across-track temperature response as a function of the across-
track and vertical wavenumbers k, and k.. The corresponding wavelengths in kilometers are
marked along the opposite axes. (¢c) Normalized along-track temperature response as a funct}on
of the along-track wavelength (1/k,). (d) Data track angle (ar) for the ascending and descending
orbits for both the north- and the south-looking yaw directions.

response when its vertical wavelength is ~ 20 km. Note
also that as the vertical wavelength increases, the re-
sponse becomes more symmetric about ky, =0.

In the along-track direction, the response at short
wavelengths is determined by the combined effects of
smearing due to the 2-s integration time and the finite
width of the horizontal beam whose half-power beam
width is ~ 0.4° [Jarnot et al., 1996]. At long wave-
lengths the response is determined by the numerical
technique uced to compute the variances. Since we are
simulating the 480-km track data, a wavelength cutoff
at 480 km is therefore imposed. Thus the along-track
temperature response shown in Figure 12c is approxi-
mated as

R, = exp [* (mzsz] for k; > 1/(480 km) , (10)

where w, =10 km, and R, =0 for k, <1/(480 km).
The total response of a monochromatic wave is simp-
ly the product of the responses given by equations (9)
and (10). The across- and along-track horizontal wave-
numbers are calculated from the corresponding values
in the Earth-based coordinate system with the aid of the
track angle ar, whose latitudinal dependence is shown
in Figure 12d for the four different viewing configura-
tions. Consider, for example, a westward propagating
wave at 56°S having horizontal and vertical wavelengths
of 200 and 20 km, respectively. Assuming that the wave
group velocity is upward, its phase fronts will be tilt-
ed westward with height. For south-looking ascending-
orbit geometry, ar = 54° (the LOS is pointing south-

eastward). This yields k; ~1/(340 km) and k,~1/(250
km), which from Figures 12b and 12c gives R, ~ 0.55
and R; ~ 1 for a total squared-amplitude response
F ~ 0.3. For descending-orbit geometry, ar = —54°
and so ky ~ — 1/(250 km). This yields R, ~0.006 and
F ~3 x 107°, which is 4 orders of magnitude weaker
than that for the ascending-orbit configuration.

Note that in simulations using 12 horizontal azimuths
the first azimuth is aligned parallel to the data track
in the positive = direction, with the angle a; given in
equation (2) being positive in the counterclockwise di-
rection. This is done in order to prevent spurious lat-
itudinal variations in the filtered variance that would
arise if the azimuths were oriented in a fixed geographic
direction. .

It should be pointed out that equation (7) is an ap-
proximation of the true weighting function whose spa-
tial structure is not easily computed. Although it would
be qualitatively similar to the one shown in Figure 12a,
the actual weighting function would not have a simple
analytical wavenumber response function suitable for
use in the model. However, in light of the other sim-
plifications inherent in the model, the development of a
more complicated filter does not seem warranted.

Examination of Figure 12 also reveals why it is diffi-
cult to construct a simple filter that would be appro-
priate for the limb-scanning observations. In limb-
scanning mode the vertical tilt angle of the instrument
LOS changes with each measurement in the scan, vary-
ing from |B| ~4.5° (2; =18 km) to ~6.2° (z; =0 km)
for channels 3 and 13. This greatly complicates mat-
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ters since it couples the across-track and along-track
responses.

3.3. Model Results

In section 3.3.1 we examine the zonal mean results
computed using the different source spectra. This pro-
vides a compact means of demonstrating the character-
istics of the filter and of comparing the latitudinal vari-
ations of the simulations to the observations. In the
second and third sections we focus on longitudinal and
temporal variations at specified latitudes. Note that
calculations are performed on the longitude grid and
that all simulations employ north- and south-looking
geometry in conjunction with the DJF-N and JJA-S
background atmospheres, respectively.

3.3.1. Zonal means. Figure 13 shows the zonal-
average temperature variances computed using the flat
spectrum. The solid and dashed lines denote the re-
sults for the ascending- and descending-orbit configu-
rations of the filter, respectively, while the dotted lines
depict the corresponding unfiltered variances calculat-
ed using equation (5) with F = 1. Unlike the filtered
variances which are weak in the tropics, the unfiltered
variances are relatively strong there. Note also that the
unfiltered variances are an order of magnitude larger
than the filtered ones. The filtered variances are largest
where the background winds (Figure 10) are largest. In
addition, the AD differences resemble the observations
(Figure 2), although the model differences are smaller.
As discussed in section 2.2, this occurs for the following
reasons: North of 15°N, where zonal mean westerlies
are present in the DJF-N atmosphere, gravity waves
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Figure 13. Zonal-average temperature variances at
38 km computed using the flat spectrum and the (a)
JJA-S and (b) DJF-N background atmospheres. The
ascending- and descending-orbit filter results are given
by the solid and dashed lines, respectively; the unfil-
tered results are denoted by the dotted lines. South-
looking geometry is used in Figure 13a and north-
looking geometry is used in Figure 13b. The filtered
and unfiltered results are multiplied by 0.4 and 0.02,
respectively.
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Figure 14. Zonal-average temperature variances at
38 km computed using the flat spectrum and the DJF-
N background atmosphere and plotted as a function of
the horizontal propagation direction at (a) 16°S and (b)
56°N. Twenty-four azimuths are used; the first azimuth
is aligned with the ascending-orbit data track. Results
are shown for both the ascending- and the descending-
orbit configurations of the filter. Arrows indicate the
direction of the LOS; N, W, S, and E denote the four
cardinal points of the compass. The unfiltered variances
have been multiplied by 0.15 and 0.07 in Figures 14a
and 14b, respectively.

with westward intrinsic phase speeds dominate. Since
upward propagating waves have phase lines which tilt
westward with height, the largest response occurs a-
long the descending orbits when the LOS is pointing
northeast (see Table 2), which is the situation shown in
Figure 11. In this configuration the LOS is more often
oriented directly along the wave phase lines, in con-
trast to the other viewing direction in which the two
are more often perpendicular. Similarly, south of 15°N,
the presence of zonal mean easterlies results in the pre-
dominance of upward propagating waves with eastward
intrinsic phase speeds, which tilt eastward with height
and so are more visible when viewed on the ascending
orbits. For south-looking geometry, which is the case
for the JJA-S atmosphere, the opposite occurs: namely,
that ascending variance is greater at middle to high lat-
itudes in Southern Hemisphere winter and descending |
variance is greater in the subtropics in Northern Hemi-
sphere summer. This occurs as a result of the change of
the orientation of the instrument LOS which flips 180°
when going from DJF-N to JJA-S.

The filtered variances depend strongly on the hori-
zontal propagation directions of the gravity waves, as
is demonstrated in Figure 14, which shows the zonal
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Figure 15. Zonal-average temperature variances at 38 .

km computed using the ¢, =20 and 50 m/s spectra and
the (a) JJA-S and (b) DJF-N background atmospheres.
The ascending- and descending-orbit filter results are
given by the solid and dashed lines, respectively. Filter
geometry is the same as in Figure 13. The results are
multiplied by 0.5.

mean variances computed using the flat spectrum for
the subtropics in summer and at high latitudes in win-
ter. Comparison of the ascending orbits (solid) and
descending orbits (dashed) indicates that waves with
horizontal components of propagation perpendicular to
the LOS are most visible. The anisotropy that results
directly from background wind filtering is seen by the
dotted curves, which show the unfiltered results. Note
that the sum of the variances at all azimuths yields the
values shown in Figure 13.

The zonal-average filtered variances for the ¢, = 20
and 50 m/s spectra are shown in Figure 15. The latitu-
dinal structure of the variance is now seen to coincide
closely with the strongest winds shown in Figure 10. As
the observations in Figure 2, the variances in winter-
time are largest in the Southern Hemisphere where the
winds are undistorted by planetary waves and the zonal
means are stronger. Note that the summertime maxi-
mum at 20°S is somewhat more pronounced than in the
Northern Hemisphere summer as a result of the stronger
zonal easterlies. Comparison to the results using the
flat spectrum also reveals an increase in the latitudinal
variation as the width of the spectrum decreases, which
is in closer agreement with the observations. Further-
more, as ¢, decreases the difference between the AD
variances increases. This occurs because decreasing c,,
also decreases the average vertical wavelength of the
spectrum, which results in the increased asymmetry of
the across-track wavenumber response as seen in Fig-
ure 12b. We will return to this point shortly.

The zonal-average variances computed using the nar-
row source spectrum are shown in Figure 16. The re-
sults for the descending- and ascending-orbit configura-
tions of the filter in Figures 16a and 16b, respectively,
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are several orders of magnitude smaller and so are not
shown. In contrast to the previous results, the variances
for the narrow spectrum are much more sharply peaked
in latitude in better agreement with the observations
at middle and high latitudes (Figure 2). Critical-level
filtering in the vicinity of the zero-wind line in the sum-
mer stratosphere (Figure 10) plays an important role by
confining the waves to the winter hemisphere as can be
seen by the latitudinal structure of the unfiltered vari-
ances (dotted lines). Comparison of the filtered and
unfiltered results indicates that only waves propagat-
ing through regions of very strong background winds
will be visible through the filter. Consequently, gravity
waves which are generated over mountainous terrain at
lower latitudes where the background winds are weaker
(e.g., the northern Andes or the Himalayas) would not
be observable by MLS.

The above model results also suggest that the differ-
ences between the AD variances in the MLS data may
provide some insight into the dominant vertical wave-
lengths (and hence phase speeds) which are present in
the actual source spectrum. A comparison of the ob-
served limb-tracking and model variance ratios is pre-
sented in Table 3. Note that the variances for the west-
ward looking view in the summer hemisphere and the
eastward looking view in the winter hemisphere are used
as the numerators in the ratios. Here model ratios de-
note zonal averages, while the observations show both
the zonal mean and the value at the location of the
variance maximum. In computing the observed vari-
ance ratios, the instrument noise, which has been esti-
mated from Figure 2, has first been subtracted off. Note
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Figure 16. Zonal-average temperature variances at

38 km computed using the narrow spectrum and the (a)
JJA-S and (b) DJF-N background atmospheres. The
ascending- and descending-orbit filter results are given
by the solid and dashed lines, respectively; the unfil-
tered results are denoted by the dotted lines. Filter
geometry is the same as in Figure 13. The filtered and
unfiltered results are multiplied by 0.2 and 0.02, respec-
tively.
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Figure 17. Filtered temperature variances at 38 km computed using the flat (solid) and ¢,, =20
m/s (thick dashed-dotted line) spectra and the JJA-S and DJF-N background atmospheres. (a)
JJA at 12°N (south-looking descending orbits), (b) DJF at 20°S (north-looking ascending orbits),
(c) JJA at 56°S (south-looking ascending orbits), and (d) DJF at 56°N (north-looking descending
orbits). The thin dashed-dotted line denotes the time-averaged variances for the ¢, =20 m/s
spectrum computed using the daily UKMO background winds and temperatures. The MLS
observations are indicated by the gray curves. Results for the flat spectrum are multiplied by
0.25 in Figures 17a and 17b, 0.75 in 17c, and 0.5 in 17d. Results for the ¢, =20 m/s spectrum
are multiplied by 0.75 in Figure 17a, 0.5 in 17b and 17c, and 1.0 in 17d.

that the actual values will be somewhat sensitive to
the assumed noise floor. Of the three model spectra,
the ¢, =50 m/s spectrum more closely reproduces the
observed ratios at low latitudes in the summer hemi-
sphere, while the narrower ¢,, =20 m/s spectrum better
matches the observations at high latitudes in the win-
ter hemisphere. (The ratios for the narrow spectrum
are not presented because those waves are effectively
visible on only one half of the orbit track, i.e., either as-
cending or descending.) Note that if the spectral shapes
are very different from what we have assumed, then the
inferences about the widths of the phase speed spec-
trum from these ratios can only be made qualitatively.
Furthermore, if the wave sources are highly anisotropic,

then these comparisons may not be meaningful. How-
ever, recent satellite measurements of high-frequency
convectively generated gravity waves show a concentric
pattern of wave fronts radiating away from the storm
[Dewan et al., 1998], which provides some evidence that
such waves are horizontally isotropic near the source
levels.

3.3.2. Longitudinal structure. Let us now turn
our attention to the longitudinal structure of the vari-
ances. For conciseness, we will only consider the lat-
itudes corresponding to the maximum observed vari-
ances shown in Figures 3-5. As before, results are pre-
sented for the filter configuration that yields the largest
variance for the latitude and season in question. Fig-

Table 3. Ratios of Ascending- (A) and Descending- (D) Orbit Zonal-Average Variances at 38 km for MLS
Limb-Tracking Observations and Model Simulations Using Different Source Spectra

Latitude Season Ratio MLS Flat cw =50 m/s cw=20 m/s
55°N DJF D/A 4.4 (6.0) 1.2 1.6 5.3
15°N JJA D/A 1.5 (2.1) 1.2 1.7 8.1
15°S DJF A/D 1.7 (1.9) 1.2 1.8 7.9
55°S JJA A/D 4.8 (10.1) 1.3 2.0 4.5

The numbers in parentheses denote the observed ratios at the longitude of the maximum. The noise, which is
estimated at 0.011°K?, has been removed from the MLS variances before computing the ratios.
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Figure 18. Filtered temperature variances at 38 km
computed using the narrow spectrum. (a) JJA at 56°S
(south-looking ascending orbits) and (b) DJF at 56°N
(north-looking descending orbits). The thick black lines
denote the results obtained using the time-averaged
UKMO background atmospheres; the thin lines denote
the time-averaged variances computed using the daily
background winds and temperatures. The MLS obser-
vations are indicated by the gray curves. The filtered
variances are multiplied by 0.2.

ure 17 shows the filtered variances for the flat (solid
curve) and ¢, = 20 m/s (thick dashed-dotted curve)
source spectra, as well as the MLS limb-tracking obser-
vations (gray curves), at four different latitudes. The
flat spectrum, which contains the higher phase speed
waves and hence the longer vertical wavelengths, ex-
hibits less longitudinal variation since the ability to
observe these waves is less affected by changes in the
background winds (Figure 6). As the spectral width
decreases, the waves in the observable vertical wave-
length range become more closely tied to background
wind speeds, which explains why the longitudinal vari-
ation of the ¢,y =20 m/s results is greater. Results for
the ¢, =50 m/s spectrum fall between these two curves
and are not shown.

The results using the narrow spectrum are shown
in Figure 18 at 56°S and 56°N for wintertime. The
model variances exhibit strong variations in longitude,
especially in the Northern Hemisphere where large-
amplitude quasi-stationary planetary waves distort the
background wind. Note, for instance, at 56°N how
the filtered variances are negligible between 120°E and
90°W. This results from the combined effects of the
longitudinal variations in the background winds, Eyo,
and wave breaking in the lower stratosphere.

The degree to which the observations reflect longi-
tudinal variations in gravity wave sources depends to a
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large extent on the structure of the background mean
winds and the phase speed characteristics of the as-
sumed source spectrum. In the subtropical summer
stratosphere, the time-average background atmosphere
is nearly zonally symmetric due to the absence of quasi-
stationary planetary waves (Figures 6a and 6b). Con-
sequently, the filtered results computed using the broad
source spectra exhibit much less longitudinal variation
than the observations, which is further evidence that the
observed maxima over Asia and North America at 12°N
in JJA and over Africa, Australia, and South America
at 20°S in DJF are indicative of regions of stronger forc-
ing of gravity waves.

In the Southern Hemisphere winter at 56°S the broad-
spectra model results exhibit relatively little longitudi-
nal variation. Consequently, the observed maximum
over the tip of South America must clearly be associ-
ated with a region of localized gravity wave generation.
Figure 18a indicates that the most likely forcing mecha-
nism is by flow over orography since this is the only lon-
gitudinal sector in the vicinity of mountainous terrain,
as can be seen from Figure 9c. However, the presence
of relatively large variances over the oceanic sectors in
Figure 5c indicates that sources other than topography
are active at these high latitudes. The fact that the AD
ratios at these longitudes (results not shown) are signif-
icantly larger than unity suggests that these waves have
relatively slow ground-based phase speeds.

The Northern Hemisphere wintertime results are more
difficult to interpret. Because of the presence of large-
amplitude planetary waves in the background atmo-
sphere (Figure 6d), the results using both the broad
and narrow source spectra (Figures 18b and 17d) show
large spatial variations. This indicates that the MLS
observations contain little information about the spatial
structure of gravity wave sources in the Northern Hemi-
sphere winter. The fact that the observed maximum at
120°E lies above regions of rough terrain (Figures 9b
and 9d) is suggestive of orographic forcing. However,
the model results computed using tlie narrow spectrum
show only a weak amplitude response as a result of the
weak source-level winds at these longitudes. At 56°N
a broader spectrum of phase speeds (e.g., ¢, =20 m/s)
appears to better fit the observations. Like the South-
ern Hemisphere wintertime results, the presence of large
AD variance ratios in the Northern Hemisphere win-
ter suggests that a relatively narrow spectrum of phase
speeds is present but not as narrow as over the southern
Andes.

3.3.3. Temporal variability. Tc examine the im-
pact of the time-dependent background atmosphere on
the time-average variances, the daily UKMO winds and
temperatures that were used in generating the JJA-S
and DJF-N climatologies are employed. The filtered
variances are calculated for each day and the time av-
erage is computed. In the case of the ¢, = 20 m/s
spectra (thin dash-dotted lines in Figure 17), temporal
variations in the background atmosphere do not have a
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significant impact on the time-average variance. Those
using the flat spectrum bear a very close resemblance to
those computed using the time mean winds and temper-
atures and so are not shown. In the narrow spectrum
case (thin solid lines in Figure 18), however, use of the
time-varying atmosphere has significantly modified the
longitudinal structure of the time-mean variances, re-
sulting in a reduction of the peak magnitude of the fil-
tered variances by at least a factor of 2. Thus temporal
variations become increasingly more important as the
range of ground-based phase speeds in the source spec-
trum is reduced. These results indicate that the day-
to-day variability of the background winds can have a
large impact on the time-average variances in the case of
the narrow anisotropic spectrum, a result that has pre-
viously been shown by Dunkerton and Butchart [1984]
in the context of stationary gravity wave propagation
during sudden stratospheric warmings.

These model results suggest that the large values of
the standard deviations of temperature variance ob-
served over the subtropical continents in summer (Fig-
ures 7a and 7b) do not arise from changes in the mean
winds and temperatures and so are a reflection of tem-
poral variations of the wave sources in the troposphere.
(It should be pointed out that temporal intermittency
in this case may include not only variations in wave
amplitude but also wave directions.) The variability at
high latitudes in winter (Figures 7c and 7d), howev-
er, does not appear to yield information about gravity
wave source intermittency since it can also result from
temporal variations in the background winds.

4. Summary and Conclusions

We have presented an analysis and interpretation of
gravity-wave-scale temperature variances in the strato-
sphere using data from the Microwave Limb Sounder
(MLS) 63-GHz radiometer onboard the Upper Atmo-
sphere Research Satellite. The variances are derived
from optically thick limb radiances that have a hori-
zontal resolution of ~ 15 km along the orbit track.
Climatologies of mean variance, as well as the standard
deviation about the means, are generated for the sol-
stice seasons. The data sets provide near-global cover-
age at eight different altitudes in the stratosphere and
mesosphere. In this paper, results at only 38 km are
presented.

MLS is sensitive to only long vertical wavelength dis-
turbances. The observable horizontal scales depend on
the direction of the instrurzent line of sight (LOS) as
well as on the numerical technique used to compute the
variances. Waves propagatiing in horizontal directions
perpendicular to the LOS are most visible, while those
traveling parallel to it are strongly attenuated as a re-
sult of the averaging of positive and negative tempera-
ture perturbations along the LOS.
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Radiances from both the limb-scanning and the limb-
tracking modes of operation are used. Limb-scanning
variances are computed using data in the bottom por-
tion of each scan and contain information about hor-
izontal scales of < 90 km in the direction parallel to
the satellite track. Track variances are computed us-
ing all of the radiances after having first been filtered
in the along-track direction to retain only horizontal
scales < 480 km. Systematic differences between the
scan and the track variances are found, which are be-
lieved to arise from changes in the vertical tilt angle of
the LOS which is nearly fixed in limb-tracking mode
but varies by several degrees over adjacent scan mea-
surements. Consequently, the two data sets are treated
independently. Limb-scanning observations constitute
the bulk of the measurements and provide data from
the launch of the satellite in September 1991 to Ju-
ly 1997 when the 63-GHz radiometer was switched off.
The limb-tracking data cover a shorter period starting
from December 1994.

The linear gravity wave model of A98 is used to aid
in the interpretation of the MLS observations and to
determine the degree to which horizontal variations in
the observations at 38 km are indicative of gravity wave
source variations in the troposphere. To simulate MLS
limb-tracking geometry and scale sensitivity, a three-
dimensional wavenumber filter is employed. Winds and
temperatures from assimilated analyses, which corre-
spond to the same time periods as the MLS observa-
tions, provide the background atmosphere. A horizon-
tally uniform momentum flux source spectrum contain-
ing a range of horizontal wavelengths and phase speeds
is prescribed in the troposphere. This enables the effect-
s of filtering by the background atmosphere to be iso-
lated since horizontal variations in the simulated vari-
ances can arise only as a result of spatial variations in
the background atmosphere. Gravity waves generated
by sources such as convection or shear instability are
represented using a horizontally isotropic broad spec-
trum of horizontal wavelengths and phase speeds. Since
the phase speed characteristics of these sources are not
known, several different spectra are examined: these
consist of a flat spectrum and two Gaussian-shaped
spectra centered at zero phase speed. The other source
spectrum represents orographically generated gravity
waves. Its distribution is very narrow in phase speed
and is anisotropic in the horizontal direction.

The main conclusions are as follows:

1. The spatial structure of tke observed temperature
variances is strongly correlated with the background
winds as discussed by A98: the largest variances gen-
erally occur in regions where the winds are strongest.
This follows from the instrument wavenumber response
and the gravity wave dispersion relation which dictates
that vertical wavelengths are proportional to Doppler-
shifted phase speeds. This explains in large part why
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the maximum variances in summertime occur at the
~ 5°—25° latitude band where the stratospheric east-
erlies are strongest and why the longitudinally depen-
dent variations seen in the Northern Hemisphere winter
correspond closely to the zonal wavenumber 1 modula-
tion of the jet stream. These two regions (i.e., subtropi-
cal summer and midlatitude winter) are where the MLS
variances are significantly above the noise level and are
consequently the focus of this study.

2. The observed variances in summertime exhibit dis-
tinct seasonal and geographical variations. The maxi-
ma are located over the subtropical continents, namely
southern Asia, North Africa, and central North America
in June, July, and August and southern Africa, north-
ern Australia, and Brazil in December, January, and
February. The standard deviation of the variances is
found to be highly spatially correlated with the mean
and exhibits values comparable to or larger than the
means themselves.

3. The longitudinal variations of the observed vari-
ances in the summer subtropics cannot be accounted
for by changes in the background atmosphere and are
therefore indicative of variations in tropospheric wave
sources. The fact that the variance maxima are high-
ly correlated with satellite measurements of outgoing-
longwave radiation is strong evidence that deep convec-
tion is the source for these waves. This high degree of
correlation is also an indication that the longest verti-
cal wavelength waves are generated within the deepest
convective clouds. This fact supports models that relate
the depth of latent heating to the vertical wavelengths of
the waves generated [Bergman and Salby, 1994; Alezan-
der et al., 1995; Pandya and Alezander, 1999].

4. The presence of large variances over North Amer-
ica in summer, which are not associated with strong
stratospheric winds, indicates that waves with high
ground-based phase speeds must be present. These fea-
tures are quite robust since they appear in both the
track and the scan data. Strong convection over the
Great Plains is the probable source mechanism.

5. The maximum variance in Southern Hemisphere
winter occurs over the tip of South America; a sec-
ondary broad maximum is found over the oceanic re-
gions at 60°S. In Northern Hemisphere winter the loca-
tions of the track and scan mean variance maxima differ,
but both lie over the continental landmasses. The stan-
dard deviations are considerably larger than the mean
variances. Although the deviations tend to be largest
over the continents, they do not always occur at the
same geographic location as the means. This is par-
ticularly true in Northern Hemisphere winter. These
differences in the spatial patterns in the Northern Hemi-
sphere winter can be attributed to the much higher de-
gree of variability in the background winds.

6. The observed high-latitude variance peak in win-
ter over the southern Andes and the Antarctic Penin-
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sula cannot be reproduced using a horizontally uniform
broad isotropic source spectrum. Model results using
the narrow anisotropic spectrum show that the strong
tropospheric and stratospheric westerlies at these lati-
tudes are conducive to the generation and observabili-
ty of orographically generated gravity waves. This is
further supported by the high correlation of the ob-
served maximum and mountainous terrain. The high-
latitude Northern Hemisphere variances in winter, how-
ever, show a weaker correlation with topography.

7. The model simulations indicate that the large stan-
dard deviations seen in the observed variances in the
subtropics in summer cannot be caused by temporal
variations in the background atmosphere and so are in-
dicative of source intermittency. The same, however,
cannot be said for high latitudes in winter since time-
varying winds and temperatures alone result in strong
variability.

8. The temperature variances are strongly dependent
on the orientation of the instrument LOS as was shown
by WW97. Both the track and the scan variances are
largest along the orbit track in which the instrument
LOS is pointing eastward at high latitudes in winter
and westward in the summertime subtropics.

9. Use of the three-dimensional wavenumber response
filter yields simulated variances that exhibit the same
viewing-geometry dependence as the observations. This
confirms the hypothesis of WW97 that differences in
ascending- and descending-orbit (AD) variances occur
because of differences in the alignment of the LOS with
respect to gravity wave ridges and troughs. Moreover,
our model results reveal that the differences between the
AD variance increase as the phase speed distribution of
the gravity wave source decreases. Thus the flat spec-
trum, which contains the highest phase speeds, exhibit-
s the smallest AD differences; the narrow anisotropic
spectrum represents the other extreme since these waves
are only observable along a single orbit direction.

10. Information about gravity wave phase speeds at
the source heights is contained in both the AD variance
ratios and the latitudinal width of the variance peaks.
Comparison of the model ratios to the observations re-
veals that a fairly broad spectrum of phase speeds best
characterizes the subtropical summer, which suggests
that a source such as deep convection generates a wide
range of phase speeds. At high latitudes in the winter
where the AD ratios are larger, a narrower spectrum
better represents the observations. The actual values of
the spectral widths, however, are not very meaningful
because the shape of the spectra will not be the same as
assumed. The model simulations also indicate that the
latitudinal width of the variance peaks is related to the
phase speed distribution at the source level. A broad
momentum flux source spectrum produces filtered vari-
ances in the stratosphere which exhibit a relatively weak
latitudinal dependence as occurs in the observations in



11,966

the subtropics in summer, while a narrower spectrum
results in sharply peaked variances as is observed in
winter. This is in agreement with the AD ratios.

11. The subtropical summertime variances can be
explained fairly well without assuming any horizontal
anisotropy in the source spectrum. Amplitude growth
with height will have the effect of filling in weak spots
in an anisotropic spectrum, so source anisotropies are
not likely to be a dominant factor unless there is a total
absence of waves in some azimuths at the source level.
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